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1976. -Intrasplenic pH in vivo was deduced from measurements on blood drained from cat spleen during contraction with the inflow occluded. The pH of blood in the red pulp is normally 7.20, but stasis or reduced flow through the pulp causes pH to fall toward 6.8. The splenic pulp contains blood of high hematocrit. To evaluate the role of buffering by the red cells themselves, intrasplenic pH in red cell-free spleens was, therefore, estimated as well. This was done from measurements on perfusates of pH 6.4-N entering and leaving the spleen during red cell washout. At inflow pH ~6.8 the outflow pH was raised, at inflow pH = 6,8 there was no change, but at inflow pH >6.8 the outflow pH was lowered. These results indicate that the pH environment of red cells in the spleen results from the interplay of two separate factors: i) pH-determining elements of the splenic tissue that buffer at 6.8, and ii) buffering provided by red cells passing through the pulp. intrasplenic pH; splenic stasis of blood; splenic red pulp; splenic circulation THE SPLEEN IS KNOWN TO BE responsible for the trapping and destruction of abnormal and, possibly, of aged red cells. Filtration of cells, which is a function of the marginal zone surrounding the periarterial lymphatic sheaths and of the cordal meshwork (16), gives rise to stasis of blood at very high hematocrit in the red pulp. This is clearly an unfavorable environment for red cells, because the stagnating cells develop increased mechanical and osmotic fragility (2), which predisposes them to destruction in the circulation.
Many of the changes occurring in these sequestered cells are similar to those resulting from incubation of blood at 37°C in vitro (7, 15). Presumably these changes stem from prolonged exposure to alt.ered environmental conditions, such as, possibly, low glucose concentration (lo), low Paz (5), or low pH (8). It has been suggested that the pH in the splenic red pulp may be as low as 6.8 (8), a factor that would lead to increased mean cellular volume (9) and membrane rigidity (4), increased blood viscosity at low shear rate, denoting increased aggregability (1, 8) , decreased red cell filterability and increased osmotic fragility (8). Such a series of physical changes occurring in an acidic environment might well contribute to metabolic changes and lead to the shortened lifespan of cells incubated within the pulp (2, IS).
The hypothesis of a low pH in the splenic pulp arose from work carried out on red cells incubated in vitro (4, 8, 15), but direct measurements using microelectrodes have not yet, to our knowledge, been reported. Brief reference was made by Murphy (8) to unpublished results indicating that the pH of blood in the splenic pulp was 0.4-0.8 units below that of splenic venous blood, but this is the only mention we have found, in the literature, of an actual determination of splenic pH.
A knowlege of the pH environment of red cells in the spleen is clearly of great importance, in view of the postulated (and widely held) role of a reduced intrasplenic pH in red cell destruction. In the present investigation intrasplenic pH in vivo was deduced from measurements on blood drained from the organ, during contraction, with the inflow occluded. The splenic pulp contains blood of very high hematocrit. In order, therefore, to evaluate the role of buffering provided by the red cells themselves, the intrasplenic pH in red cell-free spleens was estimated as well. This was done from measurements on the perfusate entering and leaving the spleen during red cell washout. The cat spleen is of particular interest for such a study because it appears to tolerate an extremely wide range of perfusate pH, from 5.2 to 9.2 (3). In the light of the results here reported, some revision of current views on intrasplenic pH would appear to be necessary.
METHODS
Thirty-eight healthy cats were used in these experiments. The animals were anesthetized with sodium pentobarbital (40 mg/kg, ip) and the spleen was surgically exposed and isolated, the main splenic vessels being undisturbed. After heparinization (500 USP U/kg, iv), the splenic artery and vein were cannulated and the spleen was placed in a Lucite chamber containing mineral oil at 37°C. Two different types of experiments were performed. The aim of the first was to measure the pH of blood from within the spleen and, for that purpose, a splenic drainage procedure was used. The aim of the second type was to determine intrasplenic pH in the absence of red cells and for this the spleens were perfused with Ringer solutions of various pH values. These two methods will be described briefly.
Splenic drainage method. After the surgical isolation and cannulation procedures, the artery was clamped and the blood-filled spleen was allowed to drain its contents passively into a series of graduated test tubes. When the outflow ceased, a small quantity of norepinephrine (0.5 pg in 0.1 ml saline) was injected via a polyethylene tube (PE-50) inserted through the arterial cannula to the level of the arterial bifurcation. This was sufficient to induce active contraction of the spleen. Further blood samples were collected until the outflow finally ceased. Values of PO,, Pcoz and pH were determined on all samples with a Corning 165 blood gas analyzer, and hematocrit values were measured by a microhematocrit centrifuge.
In order to assess the effects of stasis on the pH of splenic blood, the drainage procedure was used in three separate groups of experiments. In group A, side vessels of the splenic inflow and outflow were cannulated without occluding the circulation through the organ, Merely by clamping the appropriate vessels venous drainage without prior stasis could be obtained. In this case the spleen was left in situ throughout the experiment. In group B, the main vessels were cannulated and the spleen was transferred to the mineral il bath prior to drainage. This involved occlusion of blood flow for 8-10 min. Ingroup C, the procedures were similar to those of group B except that flow was deliberately occluded for a period of 60 min before splenic drainage took place.
Splenic perfusion method. The organ was perfused with phosphate-buffered Ringer solution at a constant flow rate of 6 ml/min, the technique and equipment used for the perfusion being essentially the same as reported earlier (12). In these experiments the pH of the perfusing solutions ranged from 6.4 to 8.1. The primary standard was a phosphate-buffered Ringer solution containing 1.5 mM KH,PO, and 8.1 mM Na,HPO, (6); this solution has a pH of 7.4 at 37OC. Each perfusion solution was made by changing the HPO,/H,PO, ratio to obtain the desired pH. The perfusate was equilibrated with 5% CO, in O2 at 37°C and, at frequent intervals during splenic perfusion, simultaneous samples of the inflow and outflow were taken anaerobically for measurement of pH, Po2 and Pcop as described above. The venous outflow was collected continuously in a measuring cylinder and, at predetermined perfusion volumes, small samples were taken separately for determination of blood gases and red cell concentration, The cellular concentrations (Particle Data, were Inc '> measured bY a Celloscope counter series 112) , and were plotted semilogarithmically against the volume of solution perfused.
RESULTS
Splenic drainage experimerzts. The results presented are from 21 experiments in which measurements of pH, PO,, and Pcoz were made on the blood draining from the splenic vein after the splenic artery was clamped off. In five experiments both artery and vein were first cannulated (group B), necessitating an B-to lo-min period of stasis, to simulate the conditions at the start of the splenic perfusion experiments. The hematocrit values of the successive samples collected rose from 33% to approximately 78% (Fig. 1, lower part) , while the pH values fell progressively to a final value of 7.10 ( Fig. 1, upper part, open circles). In eight experiments side vessels were cannulated so that blood flow through the spleen was not interrupted until the start of venous sampling (group A ). Under these conditions the rise in hematocrit of successive samples was the same as before, while the pH fell to a final value of 7.16 * (Fig. 1 splenic blood flow was completely occluded for a period of 60 min prior to venous drainage (group C ). The rise in hematocrit was the same as in the two previous groups of experiments, but the pH values fell to a final level of 6.83 (Fig. 1, upper part, closed circles) .
No significant differences in blood gases were found between the experiments ofgroup A and those ofgroup B. In both cases the initial and final values of PO, were approximately 68 and 50 mmHg, respectively, with a continuous decline in between, while for Pcoz the corresponding values were approximately 40 and 50 mmHg.
In group C the situation was markedly different, the gas tensions being constant at Paz = 5 mmHg and Pcoz = 70 mmHg (approx.) for the first three-fifths of the blood drained, Thereafter the PO, rose and the Pcoz declined to final approximate values of 25 mmHg and 60 mmHg, respectively.
Splenic perfusion experiments. Values of pH of the splenic venous outflow, measured during perfusion with buffered Ringer solutions of pH 7.8, 7.4, and 6.6 were plotted versus the cumulative volume of solution perfused (Fig. 2) . In each case the pH of the first few milliliters of outflow was 7.4, but thereafter the outflow pH changed progressively with volume perfused until a final steady state was achieved. The gradual change of pH seen initially followed an exponential course, parallel to that of red cell concentration in the outflow. Thus, in Fig. 3 the change in pH, expressed as a fraction of the maximum change that had occurred when the steady value was reached, followed the same linear relationship on a semilogarithmic plot in all three cases (upper line). This line had exactly the same slope as the slope of the fall in red cell concentration, plotted semilogarith- mically, over the same range of cumulative volume perfused (lower line). The volume of perfusate necessary to reduce the fractional change by a factor of 2 (V& was 120 ml.
The magnitude of the final steady value of outflow pH depended on the pH of the inflow. We noticed that a linear relationship appeared to exist between these two parameters and, therefore, carried out experiments at additional values of perfusate pH between 6.4 and 8.1. The results (Fig. 4, closed circles) confirmed that, under these conditions, a very precise linear relationship existed between the values of outflow and inflow pH.
Prior to these experiments we had discovered that pH changed with time-in the inflowing perfusate when this was a bicarbonate-buffered Ringer solution. In two splenic perfusion experiments measurements of outflow and inflow pH had-been made on samples withdrawn simultaneously at various stages corresponding to the plateau region of Fig. 2 examined the relationship of outflow to inflow pH. In view of our present findings, however, we added these earlier data to Fig. 4 (open circles) . They cover a range of inflow pH from 7.58 to 6.35, and the results show remarkable agreement with those obtained from the present experiments with phosphate-buffered solutions (closed circles), in which the inflow pH remained very constant with time. Taking all the data together we obtain a correlation coefficient greater than 0.99. It is instructive to compute, from the data of Fig. 4 , the amount by which the pH of the perfusate was 7 1 5 --
c -0 changed in passing through the spleen at different values of inflow pH. This is shown in Fig. 5 spleen, This final pH is close to the mean of 7.17 predicted from Fig. 4 for an inflow pH = 7.32. It is clear, therefore, that the buffering capacity of the spleen is not affected at all by such prolonged flow stasis. One possible hypothesis to explain the relationship of outflow pH to inflow pH in spleens from which the red cells had been washed out (Fig. 4) depends on the distribution of flow rate within the organ. It has been shown recently (6) that nine-tenths of the arterial inflow passes very rapidly through the cat spleen, via a "compartment" of blood volume 9 ml/100 g and hematocrit identical to that of arterial blood. This vascular space is tehought to consist of splenic vessels. The remaining onetenth of the inflow passes very slowly through a second compartment in parallel with the first and known to be the splenic red pulp (13), of blood volume 42 ml/100 g and hematocrit 75%. If we assume that the fluid passing slowly through the pulp is brought to a pH of 6.8, no matter what the value of the inflow pH, whereas the pH of the fluid passing rapidly through the vessels is unchanged, then we may calculate the outflow pH expected for any particular pH value of the inflow. Thus, we are simply adding one volume of fluid at pH = 6.8 to nine volumes of the inflowing perfusate and computing the pH of the resulting mixture. The results of these calculations are shown in Fig. 7 , together with the regression line (dashed line) for the experimental data of Fig. 4 . The agreement between predicted and observed values lends support to the hypothesis here proposed to explain the experimental findings.
DISCUSSION
The splenic drainage procedure made it possible for the blood from within the organ to be examined, and this was done immediately after interruption of the Dashed line is regression line for actual experimental data shown in Fig. 3 . arterial inflow as well as after a 60-min period of stasis, While the earliest sample had a hematocrit value similar to that of arterial blood (approx. 33%), a continuous rise in hematocrit took place as sampling progressed (Fig. 1, Lower) , the final value reached almost 79%. This very high hematocrit is approximately the same as that recently determined (6) for the more slowly moving compartment of splenic blood (75%) from the washout kinetics of red cells and Y-labeled albumin. Morphological studies, at different stages of washout, have identified this compartment with blood in the red pulp (13). This, therefore, suggests that the blood collected last must represent a fairly pure sample of splenic pulp blood.
Despite the buffering ability of red cells (as pointed out earlier), the pH of the blood samples collected fell as the hematocrit increased (Fig. 1, upper ) . When normal blood flow through the spleen was not interrupted at any time prior to the drainage procedure, the pH of the final sample was 7.16. After previous occlusion of flow for cannulation of the main vessels and transfer to the bath of warm mineral oil (approx. 9 min), the final value was 7.10, whereas after stasis for 60 min the pH fell to 6.83. The latter value is close to that of the red pulp in the Ringer-perfused spleen. Clearly the pH of blood in the splenic vessels is similar to that of arterial blood, as shown by the earliest samples collected during the drainage procedure, whereas the pH of blood in the red pulp (final samples collected) is significantly lower than this.
The question then arises of what the pH value is likely to be for blood in the red pulp of the normally perfused spleen in situ. Our drainage procedure took about 5-6 min from start to finish, so that the final blood sample was always collected after the arterial inflow had been occluded for at least this period of time. The data show that stasis for an additional 9 min (approx.) during cannulation of the main vessels reduced the pH of blood in the pulp from 7.16 to 7.10, i.e., by approximately 0.06 units. It, would seem likely, therefore, that the pH value of 7.16, obtained when no interruption of arterial flow had occurred prior to the drainage procedure, must be 0.04 units lower than in the complete absence of any stasis whatsoever.
This puts the pH value of blood in the red pulp of the spleen, perfused normally in situ, at 7.20. However, if for any reason the blood flow through the red pulp decreased substantially, the pH would also fall, the limiting value reached being approximately 6 l 80. In a paper dealing with the influence of pH and temperature on red cells, Murphy (8) referred briefly to unpublished studies of the pH in normal human spleens and spleens removed from patients with hereditary spherocytosis.
He found that the pH within the vascular spaces of the spleen was 0.04-0.8 units lower than that in splenic venous blood, lymph nodes, or retroperitoneal fascial spaces. At first, our own data would appear to be at variance with this; nevertheless, two considerations must be borne in mind. First, spleens removed from patients have, of necessity, been subjected to flow stasis for a significant period of time. Second, in spleens from patients with hereditary spherocytosis, flow through the red pulp may well be reduced below normal because of the obstruction caused by the large numbers of captured abnormal red cells. Both these factors would lead to a reduction in pH of blood in the red pulp. We have not studied the effects on pH of periods of stasis intermediate between the 9 min and 60 min shown in Fig. 1 , but certainly occlusion for much less than 60 min might suffice to give pH values similar to the values Murphy found. There is, to our knowledge, no other record in the literature of the measurement of splenic pH. Studies on the effects of low pH on normal and abnormal red cells (1,4,&g) make the hypothesis of a low pH in the splenic pulp an attractive one to explain, in part, the mechanism of red cell trapping in this organ. Nevertheless, our experiments indicate that in the normal spleen of the cat the pH of blood in the red pulp is 7.20 and that only stasis or a substantial reduction in pulp blood flow could lead to values lower than this.
It has been shown by LaCelle (5) that the red cell membrane retains its extremely deformable character only down to a Po2 of 30 mmHg. Further decrease of Paz results in marked stiffness of the red cell. A low Paz in the splenic pulp could, therefore, play a significant part in the mechanism of cell trapping. However, our measurements of blood gases in samples collected by the splenic drainage procedure showed that the PO, fell from 68 mmHg in venous blood to no less than 50 mmHg in blood from the red pulp. These results are consistent with those of Vaupel and his colleagues (14) who found the splenic venous PO, in rabbits to be 68.5 mmHg whereas that in the splenic tissue, measured by an oxygen electrode, mean value of 6: nged from 20 to 100 mmHg, with a 5 mmHg.
Our experiments also showed that stasis for 60 min results in oxygen tensions between 5 and 25 mmHg. Hence, only under conditions of stasis or lowered blood flow in the red pulp would a reduction in pH and PO, occur, sufficient to cause serious changes in the physical properties of red cells and thus contribute to cellular sequestration and "conditianing" (2) in the spleen.
The foregoing experiments raise the question: Why should the pH of blood in the splenic pulp fall progressively during stasis, when that of blood in the splenic vein did not (initial sample of Fig. 1, curue C) ? Does the spleen possess buffering capacity, and is the splenic pH normally maintained nearer to that of arterial blood only because of the buffering provided by red cells flowing through the pulp? The studies on inflow and outflow pH during Ringer perfusion of the spleen throw some useful light on these questions.
The experiments that formed the basis of Fig. 2 involved the perfusion of isolated spleens with Ringer solution for slightly more than 3.5 h. It was obviously important to maintain the spleens in a steady state throughout this period. At a flow rate of 6 mllmin and splenic venous pressure of approx imately !4 cmH,O the splenic weight and perfusion pressure both remained constant during each experiment.
At pH 7.4 and 7.8 the mean perfusion pressure was 83 t 12 (SD) cmH,O, whereas at pH 6.6 the corresponding value was 144 t 42 (SD) cmH,O. Th e existence of a plateau value for outflow pH throughout the latter part of the perfusion period (Fig. 2) suggests that the spleen was in a reasonably steady state. The fmal steady value of outflow pH was approached exponentially, with the same rate constant at all three values of inflow pH (Fig. 3, upper line) . That this common rate constant was exactly equal to that for the decay of red cell concentration in the venous outflow (Fig. 3, lower line) strongly suggests that the change in outflow pH lagged initially behind that of the inflow (Fig. 2) sole1 y b ecause of the buffering power of the red cells, these cells being present in an ever diminishing concentration.
In fact the outflow pH could be maintained close to 7.4, in spite of an altered inflow pH, until the outflow hematocrit had fallen by a factor of 10 from its initial value of 35.8 k 2.5% (SD). Once the red cells were cleared from the spleen a steady value of outflow pH was attained, its magnitude depending on the pH of the inflow. These results, therefore, demonstrate the important contribution of red cell buffering to the net functional pH of the intrasplenic environment + The Ringer perfusion experiments also demonstrate clearly the presence of pH-determining elements within the splenic structure itself. Thus, only at a value of 6.8 was the pH of the perfusate unmodified during transit through the spleen (Fig. S ), the precise relationship between outflow and inflow pH being the one expected if the pH-determining elements, buffering at a value of 6.8, were located in the red pulp (Fig. 7) . The exact identity of these elements is, however, unknown at the present time. We have discovered only one previous reference in the literature to the buffering capacity of the spleen, that of Puig and Kirpekar (11). They per-
